band became more pronounced when purified eIF2 was activates PKR and has a binding site for its eIF-2 substrate. added ( Figure 1D , bottom). even enhanced PKR activation by 203 nt RNA, likely by phosphorylate multiple eIF2␣ molecules (Farrell et al., 1977) . Residual activation of PKR by mutant mRNA thus making helical structure more accessible. Antisense 203 nt RNA was equally able to activate PKR ( Figure 2C) , is amplified in the eIF2␣ band. When studied within 203 nt RNA context, these mutations similarly reduced the showing that structure rather than sequence is essential. The ability of dsRNA to cause autophosphorylation of ability to activate PKR (data not shown). Thus, the 5Ј half of the 5Ј UTR is essential for activation of PKR by PKR (68 kDa band) was sensitive to denaturation at 95ЊC and fast cooling but that of 203 nt RNA was unaffected IFN-␥ mRNA. Before proceeding to study how these mutations affect ( Figure 2D) , showing that in this RNA, the base pairing needed for PKR activation is intramolecular. Figure 2E mRNA translation, we assessed whether they influence mRNA recognition by eIF2. Complex formation between confirms the nature of the PKR and eIF2␣ bands phosphorylated in vitro, by Western blot with antibody spe-203 nt RNA and eIF2 was studied in the presence of competing amounts of wt or mutant mRNA ( Figure 3B ). cific for the RNA binding domains of PKR and phosphoeIF2␣(Ser51), respectively. Affinity for eIF2 was reduced 2-to 7-fold in d1-d4 mRNAs but was unaffected by the a4 mutation ( Figures 3B and  3C ). Binding of eIF2 and ability to activate PKR thus Activation of PKR Is Sensitive to 5 UTR Mutations rely, at least in part, on distinct features in IFN-␥ mRNA. To define features in IFN-␥ mRNA critical for its ability to activate PKR, we created deletions in the 5Ј UTR by introducing four point mutations to generate new Translation Efficiency of IFN-␥ mRNA Is Regulated by Its Ability to Activate PKR restriction sites (a4 mutant; Figure 3A ). The ability of full-length wild-type (wt) IFN-␥ mRNA to induce phosAn mRNA that activates PKR should be translated poorly, while mutations impairing this property should phorylation of PKR at low concentration (0.05 ng/l) was severely impaired in a4 mRNA and lost nearly fully in enhance translation. To examine this point, we studied translation of IFN-␥ mRNA in vitro and in transfected d1 mRNA, which in addition lacks ten 5Ј-terminal nt. Activation of PKR was reduced less for d2, d3, and d4 baby hamster kidney (BHK-21) cells. d1 mRNA, which almost completely lacks the ability to activate PKR (Figmutant mRNA forms carrying internal deletions, shown by a need for higher RNA concentrations ( Figure 3A) . ure 3A), showed significantly higher translation activity in reticulocyte lysate than did wt mRNA (Figures 4A and Phosphorylation of PKR was more sensitive than that of eIF2␣ to 5Ј UTR mutations, most plausibly because 4B). a4, d2, d3, and d4 mRNA forms, which retained a residual ability to activate PKR, also exhibited markedly the eIF2␣ substrate is limiting in the assay ( Figure 1D ) and because once activated, a molecule of PKR can higher translation activity than wt mRNA, yet remained by seven contiguous basepairs formed between these sequences, which share a 6 nt UGAUCA repeat ( Figure  6 ). This proposed pseudoknot is located well upstream Local Activation of PKR by IFN-␥ mRNA in Cells of the AUG initiation codon. We used cotransfection with pSV 2 CAT DNA not only to monitor transfection efficiency but also to examine whether activation of PKR by IFN-␥ mRNA has a local Activation of PKR Occurs through an RNA Pseudoknot or wider effect on translation. Though rich in secondary structure (Harrod et al., 1994) , the CAT 5Ј UTR is not
In the a4 mutant, formation of two out of seven basepairs of the pseudoknot supported by structural analysis (Figknown to tide change sufficed to restore the ability to activate These predictions were borne out ( Figure 7B ). Ability of wt 203 nt RNA to activate PKR was severely reduced PKR ( Figure 7A ) almost to the level of wt mRNA ( Figure  3A ). In the d1 mutant, formation of the first three and the by a4r to the level seen for a4. By contrast, ability to activate PKR was restored in full in a4/a4r RNA. These last basepair of the proposed pseudoknot is eliminated. Thus, mutations in the first 14 nt of the 5Ј UTR that results were reproducible. This demonstrates that the pseudoknot is essential for activation of PKR by IFN-␥ reduce the ability of IFN-␥ mRNA to activate PKR impair the stability of the proposed pseudoknot. Maximal acti-203 nt RNA. Structure, rather than sequence, in the pseudoknot stem is important, since activation of PKR vation of PKR is seen when seven contiguous basepairs are present in the stem (wt), near-maximal activity with was unaffected by compensatory changes in two out of seven basepairs, in a4/a4r RNA. This is the first example 5 bp (a3), severely reduced activity with 4 bp (a4), and very weak activity with 3 bp (d1). of activation of PKR by an RNA pseudoknot. The effect of these mutations on translation efficiency To obtain direct evidence for the pseudoknot and to examine whether it is essential for activation of PKR by of IFN-␥ mRNA in vivo was studied by transient expression of mRNA and protein in transfected cells ( Figure  IFN -␥ mRNA, we introduced two point mutations in the apical loop (a4r; Figure 7B ). If activation of PKR depends 7C). As in Figure 5A , a4 and d1 mRNA yielded high translation efficiency, 10-and 12-fold above wt. Translaon the pseudoknot, then a4r 203 nt RNA should exhibit the phenotype of a4 RNA (i.e., severely reduced ability tion of a4r mRNA was 7-fold above that of wt mRNA. Whereas translation efficiency of IFN-␥ mRNA was ento activate PKR) because the same two basepairs of the pseudoknot stem are lacking. When placed within hanced by a4 and a4r mutations that impair the activation of PKR in vitro, it was strongly reduced by the a4 mutant context, on the other hand, a4r should restore a pseudoknot having a 7 bp stem. a4r, thus, should compensatory a4/a4r mutation that restores the potential for pseudoknot formation and activation of PKR. cause loss of function in wt context yet gain of function in a4 context (a4/a4r).
Translation efficiency (Figure 7C ), thus, is inversely pro- 
